We have previously developed an assay to measure DNA homologous pairing activities in crude extracts: The POM blot. In mammalian nuclear extracts, we detected two major DNA homologous pairing activities: POMp100 and POMp75. Here, we present the puri®ca-tion and identi®cation of POMp75 as the pro-oncoprotein TLS/FUS. Because of the pro-oncogene status of TLS/FUS, we studied in addition, the relationships between cell proliferation and POM activities. We show that transformation of human ®broblasts by SV40 large T antigen results in a strong increase of both POMp100 and TLS/POMp75 activities. Although detectable levels of both POMp100 and TLS/POMp75 are observed in non-immortalized ®broblasts or lymphocytes, ®broblasts at mid con¯uence or lymphocytes stimulated by phytohaemaglutinin, show higher levels of POM activities. Moreover, induction of dierentiation of mouse F9 line by retinoic acid leads to the inhibition of both POMp100 and TLS/POMp75 activities. Comparison of POM activity of TLS/FUS with the amount of TLS protein detected by Western blot, suggests that the POM activity could be regulated by post-translation modi®ca-tion. Taken together, these results indicate that POMp100 and TLS/POMp75 activitites are present in normal cells but are connected to cell proliferation. Possible relationship between cell proliferation, response to DNA damage and DNA homologous pairing activity of the pro-oncoprotein TLS/FUS are discussed.
Introduction
DNA homologous pairing (DHP), a central step in homologous recombination, is implicated in fundamental processes such as chromosome pairing (Roeder, 1990; Kleckner, 1996) , gene inactivation (Rossignol and Faugeron, 1994) , initiation of some replication processes (Formosa and Alberts, 1986; Malkova et al., 1996) and DNA repair (Friedberg et al., 1995) .
The RecA protein from Escherichia coli represents the paradigm for DHP proteins. In vivo its role in mutagenesis, DNA repair and recombination is well documented. In vitro, RecA protein is able to pair single stranded DNA (ssDNA) with double stranded DNA (dsDNA) in a homology dependent manner (for review see Roca and Cox, 1990; Radding, 1991; West, 1992; Kowalczykowski and Eggleston, 1994) . Besides the RecA protein, the bacterial RecO and RecT proteins are also able to promote in vitro D-loop formation, the ®rst DNA heteroduplex intermediate formed between recombining DNA (Luisi-DeLuca, 1995; Noirot and Kolodner, 1998) . In eukaryotes the situation gains in complexity. The Saccharomyces cerevisiae ScRad51 protein displays structural and biochemical similarities with RecA protein (Aboussekhra et al., 1992; Basile et al., 1992; Shinohara et al., 1992; Sung, 1994) . However, S. cerevisiae possesses three other recA homologues: RAD55, RAD57 (Kans and Mortimer, 1991; Lovett, 1994) and the meiosis speci®c DMC1 (Bishop et al., 1992) . In mammalian cells, the situation seems to be even more complex. Indeed, a growing number of Rad51 homologues are reported. They include: RAD51, HsREC2/RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 (Shinohara et al., 1993; Yoshimura et al., 1993; Albala et al., 1997; Rice et al., 1997; Dosanjh et al., 1998; Pittman et al., 1998; Cartwright et al., 1998) . Additionally, a human Dmc1 protein able to promote in vitro D-loop formation has been reported (Li et al., 1997) . Mammalian RAD51 protein has developed new functions since, in contrast with recA in bacteria and with ScRAD51 in yeast, it is an essential gene probably involved in cell proliferation (Tsuzuki et al., 1996; Yamamoto et al., 1996) . Human Rad51 protein has also been described as interacting with tumor suppressor proteins such as p53, Brca1 and Brca2 (Sturzbecher et al., 1996; Buchhop et al., 1997; Scully et al., 1997; Mizuta et al., 1997; Marmorstein et al., 1998) .
Facing this extreme complexity and both structural homologues and enzymatic activities redundancy, the biochemical screen for new DHP activities in mammalian cells constitutes a possible complementary approach. However, this approach has often been compromised by the presence of exonuclease activities that can lead to artefacts (Kaslan and Heyer, 1994) . We have developed an in vitro assay to measure DNA homologous pairing activities on nitrocellulose membranes: the POM (Pairing On Membrane) blot (Bertrand et al., 1993) . The main characteristics of the RecA-mediated pairing reaction are conserved under the POM blot conditions (Bertrand et al., 1993 . In mammalian nuclear extracts, the assay has revealed two major homologous pairing activities, displayed by proteins of apparent molecular weight of 100 kDa (POMp100) and 75 kDa (POMp75). An important characteristic of these proteins is that they are able to promote stable DNA plectonemic joint formation without requiring associated exonuclease activity . Recently, POMp100 activity has been reported to be increased in extracts from Fanconi anemia cells, a hereditary syndrome associated with cancer predisposition, hypersensitivity to DNA interstrand crosslinks and genome instability (Thyagarajan and Campbell, 1997) . Human POMp75 (HsPOMp75) activity is also increased in Ataxia Telangiectasia (AT) cells (manuscript in preparation), a hereditary syndrome associated with cancer predisposition, cell cycle defects, increased sensitivity to ionizing radiation and a high level of spontaneous homologous recombination (Meyn, 1993; Luo et al., 1996) .
In the present study, we describe the puri®cation of POMp75 and its identi®cation as the human prooncogene TLS (also named FUS). TLS (Translocated in LipoSarcomas) is a member of a family of genes, that include the Ewing sarcoma (EWS) gene and hTAF(II)68 associated to TFIID and RNA polymerase II (Bertolotti et al., 1996) . In sarcomas or leukemias, chromosomal translocation of TLS or EWS with speci®c partners creates fusion oncoproteins (Delattre et al., 1992; Crozat et al., 1993; Rabbitts et al., 1993; Ichikawa et al., 1994) . However, despite intense investigations, little is known about the function of the cellular genes (Ron, 1997). Our results suggest a new role for TLS: promotion of DNA homologous pairing. In addition, considering TLS is a pro-oncogene and the possible role for the major DHP protein, Rad51 in cell proliferation, we have analysed the relationship between the DHP activity of TLS/POMp75 and cell proliferation.
Results

Identi®cation of POMp75 as TLS/FUS
Using the POM blot assay, we have previously characterized a 75-kDa DHP activity (POM75) in human nuclear extracts, that does not require an association with exonuclease activity to pair homologous DNA . To identify the POM75 protein, we fractionated protein extracts by column chromatography and screened for the POM75 activity by using the POM blot assay on each chromatography fraction (see Materials and methods). As shown in Figure 1a , POMp75 activity eluted with a polypeptide of an apparent 75-kDa molecular weight.
The puri®ed HsPOMp75 was additionally resolved on a long SDS ± PAGE gel and the band containing the protein was excised and used to raise polyclonal antibody against POMp75 and to perform microsequencing of POMp75. Microsequencing yielded four peptides (Figure 1b) . A search of the database revealed that they all belong to the human TLS/FUS protein (Crozat et al., 1993; Rabbitts et al., 1993) .
To con®rm this result, we performed two additional experiments. First, TLS was immunoprecipitated from nuclear extract with the monoclonal anti-TLS 4H11 antibody (Zinzsner et al., 1997) . HsPOMp75 activity is recovered in the TLS immuno-conjugate as POMp100 is not (Figure 2a) . Thus the monoclonal anti-TLS antibody speci®cally recognizes the POMp75 activity. Second, the cDNA encoding TLS has been cloned in a GST-fusion bacterial expression vector. In bacteria transfected with the fusion construct, both anti-GST and anti-POMp75 antibodies (raised against the protein puri®ed here) recognize a peptide with a molecular weight corresponding to the fusion GST-TLS protein (Figure 2b ).
TLS/FUS activity has been described to be important for the growth factor independence of BCR/ABL transformed cells (Perrotti et al., 1998) . We thus examined the DHP activity displayed by TLS in dierent conditions known to modulate cell proliferation.
Transformation of ®broblasts with SV40 large T antigen stimulates POM activities
We have analysed the POM activities in three dierent primary ®broblast strains and in their corresponding SV40 transformed derivatives ( Figure 3a) .
It has been reported previously that POM activities were undetectable in non immortalized cells (Thyagarajan et al., 1996) . We show here that at least two dierent strains of ®broblasts (AS3 and 1BR) exhibit detectable POMp100 and TLS/POMp75 activities ( Figure 3a ). However, in the SV40 transformed cell lines, POMp100 and TLS/POMp75 activities are Aliquots of peak fraction from each step were analysed by SDS ± PAGE followed by coomassie staining (left panel) and by POM assay (right panel). HsPOMp75 co-puri®ed with a polypeptide of an apparent of 75-kDa molecular weight (Fractions II, IIIb, IV). IIIb corresponds to the¯ow through and IIIa to one eluted fraction from the DEAE column. HsPOMp75 was resolved on a long 9% SDS ± PAGE. Pure HsPOMp75 polypeptide was excised and microsequenced. (B) Peptide sequences of HsPOMp75, numbers correspond to amino acid residues in TLS sequence (Crozat et al., 1993; Rabbitts et al., 1993) stimulated. Quanti®cation of pairing activities in primary and SV40-transformed ®broblasts cell lines indicates a ninefold increase for POMp100 and a ®vefold for POMp75 in AS3wt2 compared to AS3. Similar dierences are observable between 1Br and 1Br-SV. The dierence is more pronounced between Jacquot-SV and Jacquot since we do not detect POM activity in the Jacquot ®broblast strain (Figure 3a) . When comparing the activities by POM blot ( Figure  3a ) to the amount of TLS protein detected by Western blot (Figure 3b ), it appears that the POM activity is not directly related to the amount of TLS protein. This indicates that some post-translation regulation may stimulate the POM activity of TLS protein. Other types of immortalized cells (HeLa, L-cells, F9) show high level of POM activities, comparable to those observed in SV40 transformed ®broblasts. This suggests that the increase in POM activities is a common response to cell immortalization. One possible explanation is that the strong increase in POM activities is related to an increase in cell proliferation which is a common characteristic of transformed cell lines.
POM activities are stimulated in proliferating cells
If POM activities are correlated to cell proliferation, the state of con¯uence of primary ®broblasts should in¯uence the extent of these activities. This may explain why in some respects no POM activities were detected in extracts from primary ®broblasts (Thyagarajan et al., 1996) .
Thus we compared POM activities in extracts from cells harvested at mid con¯uence (i.e. proliferating cells) to ones extracted from cells harvested at high con¯uence, i.e. in a quiescent state (Figure 4 ). AS3 ®broblasts harvested at mid con¯uence show a twofold increase in POM activity compared to extracts from quiescent cells. These results suggest that both POM activities are correlated to the proliferation status of the cells.
To con®rm this interpretation, we examined the POM activities in lymphocytes from peripheral blood after treatment with PHA, a high ecient mitogen stimulator. POMp100 and TLS/POMp75 are both clearly detected in non stimulated lymphocytes, con®rming their activity in non-immortalized cells ( 
Dierentiation inhibits POM activities
Induction of dierentiation leads to an arrest of cell proliferation. Therefore, if POM activities are linked to cell proliferation, induction of dierentiation should inhibit these activities.
The F9 line (or EC) is a mouse teratocarcinoma line that can be induced to dierentiate by addition of Retinoic Acid (Strickland et al., 1980) . In the presence of retinoic acid, POM activities show an eightfold decrease for both POMp100 and POMp75 (Figure 6 , left panel). cAMP alone does not induce dierentiation per se, but potentiates the eect of retinoic acid. Consistent with this, treatment of F9 cells with cAMP alone has no eect on POM activities, while double treatment with retinoic acid plus cAMP results in a more pronounced inhibition (13-fold for POMp100 and 60-fold for POMp75) than treatment with retinoic acid alone (Figure 6, left panel) . Dierentiation induction also leads to a decrease in the amount of TLS protein detected by Western blot (Figure 6 , right panel). However the eect is much more pronounced on the activity than on the amount of protein (compare Figure 6 , left and right panel).
Moreover, POM activities are also inhibited (ninefold for POMp100 and ®vefold for POMp75) in HL60 cells, 48 h after treatment with DMSO, a differentiation inducer for this cell line (data not shown). These results indicate that both POMp100 and TLS/POMp75 activities are inhibited by activating dierentiation. These results also con®rm that both POMp100 and TLS/POMp75 activities are associated with cell proliferation.
Discussion
Using the POM blot assay, we described previously two DNA homologous pairing activities in mammalian nuclear extracts: POMp100 and POMp75. Interestingly, neither POMp100 nor POMp75 require associated exonuclease activities to promote homologous pairing . In this study, we show that the cellular form of the pro-oncoprotein TLS/FUS is identical to POMp75. TLS/FUS is a RNA (Zinszner et al., 1997) and a DNA binding protein (Perrotti et al., 1998) . We show here that the DHP activity exhibited by TLS/FUS (POMp75) varies as a function of cell proliferation in dierent cell types: from dierent tissues (transformed or primary ®broblasts, lymphocytes, embryonic cells), from dierent mammalian species (human, mouse). However, the comparison of the amount of TLS protein measured by Western blot and DHP activities detected by POM blot, suggests a post translation modi®cation of TLS, regulating its DHP activity. TLS has been shown to be a target of the kinase c-Abl that could represent a good candidate for the regulation of TLS activity on the DNA (Perrotti et al., 1998) . In contrast to what has been published previously (Thyagarajan et al., 1996) , we clearly detect both POMp100 and TLS/POMp75 activities in non immortalized ®broblasts, the level of these activities depending on the state of con¯uence of the cells. This observation was con®rmed by the unambiguous detection of POMp100 and TLS/ POMp75 activities in non immortalized lymphocytes. Fibroblasts transformed by SV40 display a strong stimulation of POM activities. These results are con®rmed by the stimulation of POM activities by the mitogen activator PHA in human non-immortalized lymphocytes. We also show that induction of dierentiation leads to the inhibition of POM activities. Taken together, the results show that both POMp100 and TLS/POMp75 activities are associated with cell proliferation. Therefore, the state of con¯uence is important when comparing POM activities in extracts of primary ®broblasts. It cannot be excluded that TLS is associated to cell proliferation via its role in RNA processing. Indeed, TLS, EWS and TAF(II)68 have been described to be associated with the transcription machinery TFIID and the RNA polymerase II (Bertolotti et al., 1996) . However since DNA-repair and recombination proteins can interact with the RNA polymerase II (Maldonado et al., 1996) , it is not known whether TLS plays two dierent roles (one in RNA processing and the other in DNA metabolism) or whether the two functions are connected. Interestingly, it has been shown that RecA protein displays anity for RNA (Golub et al., 1992) .
Rad51, the major eukaryotic DHP protein, has also been reported to be associated with cell proliferation (Tsuzuki et al., 1996; Yamamoto et al., 1996) and Rad51 devoid chicken cells accumulate chromosome breaks during the G2/M phase leading to cell death (Sonoda et al., 1998) . This raises the question of how DHP activities can participate in cell proliferation. One hypothesis relies on the fact that strand exchange of homologous DNA is associated with some particular replication events in bacteria (Hong et al., 1996) , phages or virus (Formosa and Alberts, 1986; Bortner et al., 1993) . Also, in both prokaryotes and eukaryotes, one of the post replication repair processes uses DNA strand exchange (for review see Friedberg et al., 1995) . More speci®cally, replication initiated by strand exchange at a double strand break site has been described in yeast; some of these events requiring a pathway independent of RAD51 (Malkova et al., 1996) . Finally, a role for Rad51 during replication in mammalian cells has been discussed elsewhere (Edelmann and Kucherlapati, 1996) . In sharp contrast with the simple annealing of two complementary ssDNA, DHP is a more complex process, during which a search for homology takes place on one duplex DNA partner. This reaction requires highly specialized proteins and allows the repair of breaks in the DNA (Meselson and Radding, 1975; Szostak et al., 1983) . In yeast, this process is involved in chromosome pairing during meiosis and in resistance to radiation, both processes involving the repair of DNA double strand breaks (Roeder, 1990; Kleckner, 1996) . The relevance of the DHP activity for TLS/FUS may be attested to by the phenotype of the null mutant mice. Indeed, TLS 7/7 mice exhibit enhanced radiation sensitivity and male sterility due to chromosome pairing defects during meiosis (D Ron, personal communication). Interestingly, phosphorylation by c-Abl stimulates the DNA binding activity of TLS (Perrotti et al., 1998) , which is on the other hand a prerequisite for DHP. Indeed, c-Abl is expressed at high levels in spermatocytes, cABL 7/7 mice exhibit defects of spermatogenesis ; and c-Abl is activated by ionizing radiation (Kharbanda et al., 1995) . Taken together, these observations suggest that the DHP activity of TLS/FUS/POMp75 may be modulated by c-Abl, in response to DNA damage. In contrast, phosphorylation by c-Abl inactivates the DHP activity of HsRad51 . Because of this antagonistic eect, it is tempting to speculate that RAD51 and TLS could represent alternative DHP pathways. Work is in progress to address this question.
Materials and methods
Reagents
Nitrocellulose membranes Hybond C-super (0.2 and 0.45 mm) were purchased from Amersham. ATP, ATPgS, dNTPs, protease inhibitors, Proteinase K, DNA restriction and modi®cation enzymes were purchased from Boehringer Mannheim.
DNA
Wild type bacteriophage M13 duplex and ssDNA were prepared as described (Sambrook et al., 1989) . Duplex DNA was labeled with 32 P by ®lling in the 5' protruding ends using DNA Polymerase I large fragment, as described (Sambrook et al., 1989) .
Plasmids
The HsTLS cDNA was ampli®ed by PCR from a plasmid containing the TLS cDNA and using primers Lina1 (TAGCCGCTCGAGAACCTAGGACTGCAGGGATCCG-CC TCAA AC GATT AT AC CC AA CA AG CA AC CC) and Lina2 (CTAGCCCAAGCTTCTCGAGGGGGAGCCAGG-CTAATTAATACGGCCT) which contain BamHI and XhoI sites respectively. After digestion, the PCR product was inserted into pGEX-4T-1 (Pharmacia Biotech) digested with BamHI/XhoI. The resulting plasmid was named TLS-pGEX (pBL85) in which TLS is fused to a GST tag.
Bacterial expression
X12blue bacteria (Stratagene) were transformed with pBL85 or pGEX 4T-1. Ten ml of bacteria containing either pBL85 or empty pGEX4T-1 expression vector were grown at 378C in LB medium to OD=0.25 followed by induction with 0.5 mM isopropyl b-D-thiogalactoside for 90 min. The cells were harvested and lysed in Laemmli buer (50 ml). The samples were boiled 5 min and resolved on a 10% SDS ± PAGE gel.
Western immunoblots and immunoprecipitation
For GST ± TLS protein detection, Western blot was performed using standard methods with a 1/10 000 dilution of primary anti-POMp75 antibody in TBST buer (10 mM Tris, pH 8/150 mM NaCl/0.05% Tween-20) and revealed using an ECL Western blotting analysis system (Amersham). The membrane was stripped by incubation in the stripping ECL Western blot buer (62.5 mM Tris pH 6.7, 2% SDS, 100 mM 2-Mercaptoethanol). After verifying the absence of signal, the same membrane was incubated 1 h in a 1/2000 anti-GST antibody (Amersham) in TBST buer. After washes the membrane was incubated 1 h in a 1/2500 dilution of protein G-HRP Conjugate (BioRad) and visualized using the ECL kit.
To detect the amount of TLS protein in dierent extracts, Western blot was performed with a 1/10 dilution of anti-TLS monoclonal antibody 4H11 previously described (Zinszner et al., 1997) .
For immunoprecipitation, 200 mg of HeLa nuclear extract was diluted in IP buer (25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5% NP40) and was ®rst incubated 1 h at 48C with uncoupled-protein G-Sepharose beads (Pharmacia). The beads were harvested by centrifugation at 2000 r.p.m. for 1 min and the supernatant was then incubated 1 h at 48C with anti-TLS 4H11 previously coupled on protein GSepharose in IP buer+150 mM NaCl. The beads were washed in IP buer containing 150 mM NaCl and 1% NP40. The proteins bound to protein G-sepharose (from the preclear: control) and the immunoprecipitated proteins were eluted in Laemmli buer and the activity was analysed by POM assay.
Puri®cation of HsPOM75
All the puri®cation procedures were performed at 48C. Nuclear extracts (Fraction I) from 5610 9 HeLa cells prepared as described (Dignam et al., 1983) was centrifuged at 100 000 g for 2 h. The pellet formed was resuspended in buer A (20 mM Tris-HCl (pH 7.5), 2 mM DTT, 10% glycerol)+100 mM NaCl+6 M urea and loaded onto a HiTrap SP (5 ml; Pharmacia) column equilibrated with buer A+100 mM NaCl+6 M urea. After washes in same buer, a gradient of 100 ± 600 mM NaCl was developed in buer A+6 M urea. The fractions containing the peak of HsPOMp75 activity eluted at about 350 mM NaCl were pooled (Fraction II). This fraction was diluted in buer A+6 M urea, and was loaded onto a DEAE MemSep 1000 (Waters) column, equilibrated with buer A+100 mM TLS/POMp75 DNA pairing activity in cell proliferation P Bertrand et al NaCl+6 M urea. The¯ow-through (Fraction IIIb) was applied onto a HiTrap Heparin column (1 ml; Pharmacia) equilibrated in Buer A+200 mM NaCl+6 M urea and a gradient of 250 ± 600 mM NaCl in buer A+6 M urea was applied. The HsPOM75 activity eluted at about 400 mM NaCl. Fraction IV (pooled fractions) was concentrated on a Centricon-30 microconcentrator (Amicon) and stored in small aliquots at 7808C. Fraction IV was resolved on a long 9% SDS ± PAGE, and the gel containing the 75 kDa polypeptide was excised and used to raise rabbit polyclonal antibodies and to performed microsequencing of the protein.
After digestion, peptides were puri®ed on HPLC; sequence was performed on an ABI 473 sequencer. Microsequence has been performed in the laboratory of proteins microsequencing at the Pasteur Institute in Paris (analysis no:94G430). Internal peptide sequences obtained were compared with EMBL and Swiss Prot databank using Blast program.
Preparation of mammalian nuclear extracts
Nuclei from 2 to 5610 8 cells were isolated by hypotonic lysis and nuclear extracts were prepared as described previously (Lopez and Coppey, 1987) .
Pairing on membrane assay (PAGE/POM)
The POM assay was performed as previously described . Brie¯y, 15 mg of nuclear extract were loaded and protein samples were electrophoretically resolved on SDS-10% polyacrylamide gels with 4% stacking gels at 48C. After electrophoresis, the polypeptides were electrophoretically transferred onto nitrocellulose membrane coated with ssDNA prepared as described previously (Bertrand et al., 1993; Akhmedov et al., 1995) . The membrane was then incubated in the standard mixture containing incubation buer with 0.6 mM dNTPs, 0.1 mM ATPgS and 0.5 to 1 mg/ml end-labeled dsDNA with a speci®c activity of 10 6 c.p.m./mg. Incubation was carried out for 2 h at 378C. After incubation, the membrane was treated with 0.1 mg/ml of Proteinase K for 2 h at 508C. The membrane was then washed with 26SSC, 0.1% SDS at 658C for 15 min. Joint DNA molecules were detected by autoradiography and quanti®ed using PhosphorImager (Molecular Dynamics).
Cell culture and induction of cellular dierentiation
Mammalian ®broblasts strains were grown in MEM medium supplemented with 10% of FCS. F9 cells were grown in DMEM medium supplemented with 15% FCS (under 12% CO 2 ). 10 8 cells were treated with 0.2 mM retinoic acid for 24 h, then 1 mM cAMP was added. The cells were grown for 2 additional days. For single treatments, 10 8 cells were treated with 0.2 mM retinoic acid alone for 3 days or with cAMP alone for 2 days. Induction of dierentiation was con®rmed by Northern blot analysis of c-myc expression. 10 8 HL60 cells were grown in RPMI 1640 medium supplemented with 10% FCS. HL60 cells were induced to dierentiate with 1.3% DMSO during 24 or 48 h. The extracts of the dierent treated cells were prepared in parallel.
Isolation of peripheral blood lymphocytes and PHA treatment
Lymphocytes and monocytes were isolated from blood by a Ficoll gradient. After adherence of the monocytes, the lymphocytes were maintained for 48 h in RPMI 1640 medium supplemented with 10% FCS in absence or in presence of 5 mg/ml PHA. The induction of the proliferation was veri®ed by¯ow cytometry after BrdU incorporation.
